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(VC) appears to be highest in the spring (3940 ± 2110 m 2 s -1 ) and lower in the summer (2953 ± 1322 24 m 2 s -1 ), autumn (2580 ± 1601 m 2 s -1 ) and winter (2913 ± 3323 m 2 s -1 ). Combined with the 25 backscatters measured by the ceilometer, vertical profiles of the PM2.5 concentration were obtained 26 and the PM2.5 TF in the mixing layer was calculated. The TF was the highest in the spring at 4. ). Our results indicate that the influence of the air pollutants transport in the southern 34 regions should receive more focus in the transition period of pollution, while local emissions should 35 receive more focus in the heavy pollution period. 36
Introduction 37
With the rapid development of its economy and industry, as well as its unique local topography, 38
Beijing has become one of the cities in the world that is most seriously affected by air pollution. As 39 early as before the 2008 Olympic Games, to fulfill the promise of a "Green Olympics", Beijing's 40 industries were relocated to surrounding provinces and cities. After the Olympic Games, with the 41 promulgation of the "Action Plan for Prevention and Control of Air Pollution", Beijing 42 implemented a series of measures to reduce pollutants, such as raising the emission standards of 43 motor vehicles and fuel standards for vehicles, changing coal to natural gas, coal to electricity and 44 so on. These measures have gradually improved Beijing's air quality, with the annual average fine 45 particulate matter (PM2.5) concentration decreasing from 90 μg m -3 in 2013 to 58 μg m -3 in 2017 46 (Cheng et al. 2018a ).
47
Although the Beijing government has been committed in recent years to taking measures that could 48 ensure a steady improvement in the air quality, there is still great pressure to achieve a continuous 49 decline in the particulate matter concentration. Beijing is in the north of the North China Plain, with 50 the south side and the west side the Yanshan Mountains and the Taihang Mountains, respectively. 51
Affected by the mountains to the northwest, there are more subsiding airflows, a lower mixing layer 52 height and an extremely limited atmospheric dilution capability. In addition, pollutants tend to 53 accumulate in front of the mountains due to the influence of southerly winds and the mountain 54 obstructions. In central and northern China, the increase in PM2.5 during the winter is closely related 55 to the adverse atmospheric dilution conditions (Wang et al. 2016) . Therefore, in addition to the 56 primary emissions and secondary formation, the weak atmospheric dilution capability is also an 57 important factor leading to the frequent occurrence of serious air pollution in Beijing.
58
In recent decades, the mixing layer height (MLH) and wind speed (WS) have been two major factors 59 leading to the annual increases in the aerosol concentration and polluted days during the winter in 60
China (Yang et al. 2016 To solve the regional pollution problem, joint prevention and control have been recommended for a 85 long time. Many studies on regional transport have been carried out, but most observational studies 86 cannot easily quantify the TF due to the lack of particle and wind vertical profiles, and it is still 87 unclear when we need to control the emission sources and in which areas. To solve the above 88 problems, we conducted 2 years of continuous observations on MLH and wind profiles in the 89
Beijing mixing layer and analyzed the mixing layer dilution capability of the atmosphere. 
Analytical method 128
The atmospheric dilution is composed of vertical and horizontal dilution, which can be characterized 129 by the MLH and wind speed in the mixing layer (WSML), respectively. The VC (m 2 s -1 ) was obtained 130 by combining the MLH (m) and WSML (m s -1 ) and can be used for a comprehensive evaluation of 131 the vertical and horizontal dilutions. Higher dilution-related parameters (MLH, WSML and VC) 132 indicate a stronger dilution capability, which is conducive to the transport and dilution of heavy air 133 pollution.
134
The VC calculation method is as follows:
136
where WSML is the average WS within the mixing layer, calculated by Eq. (2); HML is the height of 139 the mixing layer; WSi is the WS observed at a certain height, calculated by ui and vi in the wind 140 profile according to Eq. (3); and n is the number of measurement layers in the mixing layer (Nair et 141 al. 2007 ).
142
The TF (mg m -2 s -1 ) is determined by the WS and the PM2.5 concentration in the area under analysis.
143
The calculation method for a certain height is shown in Eq. (4):
where Ci is the concentration of PM2.5 at a certain height. However, it is extremely difficult to 146 observe the vertical PM2.5 concentration in the mixing layer. To obtain the PM2.5 concentration 147 profile, we studied the backscattering coefficient measured by ceilometer, and found that the 148 concentration of near-surface PM2.5 is strongly correlated with the backscattering coefficient at 100 149 m (Fig. S1 ). Thus, based on the relationship between the two, the backscattering coefficient profile 150 can be used to invert the vertical PM2.5 concentration profile. Then, the TFs in the mixing layer are 151 calculated as follows: 152
Through the above method, radial and zonal TFs can be obtained, and vector synthesis in two 155 directions can be conducted to obtain the main transport direction to find the transport source area. 156
Results and discussion 157

Boundary layer meteorology 158
Seasonal variation 159
To understand the variations of the atmospheric dilution capability, we carried out continuous 160 measurements of the MLH and wind profile within the mixing layer over a 2-year period (2016.1.1-161 2017.12.31). The availability was verified after MLH elimination by Tang et al. (Tang et al. 2016 ).
162
After the exclusion of the data of the MLH under rainy, sandstorm and windy conditions, the data 163 availability was 95% over the 2-year period, higher than that of previous studies (Mues et al. 2017; 164 Tang et al. 2016 ). The availability was the lowest in February, at 86%, and the highest in July, at 165 99%.
166
In terms of the seasonal variation, the average MLHs for the spring (781 ± 229 m) (value ± standard 167 deviation) and summer (767 ± 219 m) were higher than those of the autumn (612 ± 166 m) and 168
winter (584 ± 221 m) ( Fig. 1 ). However, WSML was different from the MLH in terms of the seasonal 169 variation, with the largest value 4.6 ± 1.6 m s -1 in the spring, followed by the winter (4.1 ± 2.7 m s -170 1 ) and autumn (3.7 ± 1.6 m s To analyze the impact of the dilution capacity on PM2.5, the seasonal 178 variation of PM2.5 was analyzed. The average PM2.5 concentration for the winter (80 ± 87 μg m -3 ) 179 was the highest, followed by autumn (68 ± 54 μg m -3 ) and spring (67 ± 60 μg m -3 ), and that of the 180 summer (51 ± 29 μg m -3 ) was the lowest. The lowest monthly average PM2.5 concentration was 42 181 ± 26 μg m -3 in August. The highest monthly average was in January at 94 ± 100 μg m -3 , 2.2 times 182 that in August (Fig. 1) . 183 184 
200
The VC frequency of 0-1000 m 2 s -1 in the winter was significantly higher than that of the other 201 seasons, up to 22%, which was 7 times that in the spring, 5 times that in the summer and 2 times 202 that in the autumn. According to the seasonal variation in the PM2.5 concentration, heavy pollution 203 in the autumn and winter is related to the high frequency of poor atmospheric dilution capability. 
Diurnal variation 207
Moreover, the diurnal variations in the dilution-related parameters during different seasons were 208 analyzed to reveal the diurnal evolution of the atmospheric dilution capability. respectively. Generally, the daily variation in the MLH is characterized by a low value at night, 211 which increases rapidly after sunrise and reaches the maximum value in the afternoon (Fig. 3a) . The 212 daily maximum value of the MLH is seasonal, where it is higher in the spring and summer and lower 213 in the autumn and winter. The daily minimum value of the MLH generally occurs when the mixing 214 layer is stable and is closely related to the WS. The diurnal variation in WSML is smaller, with a peak 215 at approximately 19:30 LT and a trough at approximately 10:00 LT, which are ~4 h later than the 216 peak and trough of the MLH (Fig. 3b) . The diurnal variation in the VC is similar to that of the MLH, 217
showing that the dilution capability is strong before sunset, gradually weakens after sunset and 218 remains stable at night. The dilution capability in the spring was significantly stronger than that 219 during the other seasons, and the maximum daily value reached 8678 m 2 s -1 (Fig. 3c) . The daily 220 maximum values of the VC in the summer, autumn and winter were close, at approximately 5000 221 m 2 s -1 (Fig. 3c) . The VC growth rate in the spring was significantly higher than that in the other 222 seasons, reaching a maximum at approximately 09:00 LT. In the autumn, the VC growth rate peaked 223 at approximately 10:00 LT, and those in the summer and winter peaked at approximately 11:00 LT.
224
Throughout the year, the VC began to increase during the winter later than in other seasons, at 225 approximately 09:00 LT, indicating that the weaker dilution capability remained for a longer period 226 during the winter. The VC was weakened most rapidly in the spring; however, it was still higher 227 than that of the other seasons after declining. In addition to the spring, the VC in the autumn and 228 winter weakened the most rapidly, and the most slowly in the summer. In general, the vertical and 229 horizontal dilutions are strong in the spring during both the day and night. In the winter, the vertical 230 dilution is weak during the day, and the horizontal dilution during the night is the main component.
231
In the summer, the vertical dilution during the day is dominant. 232
Notable differences are present when we compare the dilution-related parameters to the PM2.5 233 concentration. The daily maximum PM2.5 concentrations in the spring, summer, autumn and winter 234 were 73 μg m -3 (11:00 LT), 56 μg m -3 (09:00 LT), 78 μg m -3 (23:00 LT) and 101 μg m -3 (01:00 LT), 235 respectively. The differences between the maximum and minimum were 14 μg m -3 , 10 μg m , respectively. Thus, the diurnal variation of PM2.5 can be divided into two 237 categories: (1) the highest value occurs in the midday in the spring and summer and the overall 238 change is small, and (2) the highest value occurs during the night in the autumn and winter and 239 differs greatly from the lowest value (Fig. 3d) . The main causes of air pollution are local emissions 240 and regional transportation. Thus, these results indicate that there are greater local contributions in 241 the autumn and winter and higher regional transport in the spring and summer. 242 
Temporal evolution of TF 250
To quantify the transport of PM2.5 in Beijing, the transport direction of PM2.5 was characterized by 251 the average wind direction in the mixing layer. As shown in , which was 260 mainly transported from western regions, with a small WS. The TF in May was 3 times that in 261 August (Fig. 4) . Therefore, the change in the transport direction leads to an obvious seasonal 262 variation in the TF. Overall, the regional transport contributes the most to the PM2.5 concentration 263 in the spring, which is mainly related to increased dust activities; regional transport has a smaller 264 contribution in the winter, but there is a high near-surface PM2.5 concentration, which indicates that 265 more focus should be given to local emission source control; in the summer and autumn, the 266 southwest airflow transport influence on the Beijing should receive more focus. 267 To understand the regional transport influence on the Beijing area, the diurnal variations of the 270 mixing layer TF were analyzed during different seasons in Beijing. The daily minimum value of the 271 TF appeared at approximately 07:00 LT and was accompanied by a northerly wind. As the average 272 wind direction in the mixing layer gradually turned south, the daily minimum value of the TF 273 continued to rise until the daily maximum value appeared at approximately 16:00 LT (Fig. 5) .
274
Transport mainly occurred between 14:00 and 18:00 LT, which was consistent with the results of a 275 previous study (Ge et al. 2018 ). In the spring, the WS was the highest, so the peak TF duration was 276 the shortest; it peaked at only 16:00 LT (9.50 mg m -1 s -1 ) and then dropped sharply to 1.94 mg m -1 s -277 1 . Therefore, the diurnal variation in the TF during the spring showed the characteristics of a rapid 278 rise and rapid decline. 1 . Another special point is that in the spring, summer and autumn, a high TF corresponds to a 285 southerly wind, while in the winter, the southerly wind does not appear in the whole transport 286 process; instead, there is a westerly wind, which is influenced by the Siberian High.
287
Even so, the TF variation patterns can be summarized as that a high TF corresponds to a southerly 288 wind and a low TF corresponds to a northerly wind (Fig. 5) . When the average wind direction in the 289 mixing layer changes from north to south, the TF gradually increases from the daily minimum to 290 the daily maximum. The TF increased by 5 times in the spring, 4 times in the summer, and 3 times 291 in the autumn and winter. The current pattern is because areas located in the south of Beijing are 292 heavily polluted and southerly winds help transport pollutants into the city, leading to high TFs in 293 the afternoons (Fig. 5) . However, due to the high mixing layer in the spring, the concentration of 294 near-surface PM2.5 did not increase. The results further confirm the conclusion that the northwest 295 wind in Beijing is a clean wind Zhang et al. 2018 ). Thus, the northwest wind is 296 conducive to the outward transport of pollutants from Beijing, which helps to alleviate pollution. As 297 a result, there was no high TF in the winter when the northwest wind prevailed. On the other hand, 298 southerly winds are stronger than northerly winds (Fig. 5) , which can also result in a high TF. 299 Therefore, the level of the TF is determined by two factors, the WS and PM2.5 concentration. In the 300 spring, summer and autumn, a strong south wind prevails in the afternoon. As the south wind is 301 often accompanied by high PM2.5 concentrations (Fig. S2) , the TF is high. In the winter, the whole 302 day is dominated by westerly and northerly winds. Although the northerly winds are strong, the TF 303 is not high due to the low PM2.5 concentration. Generally, a high WS means fast mixing, and the 304 corresponding MLH is also high. At this time, the TF is mainly controlled by the WS. While the WS 305 is low, the mixing speed is slow and the MLH is low. At this time, the TF is mainly controlled by 306 PM2.5 concentration. From the above analysis, it can be inferred that if the MLH and WS gradually 307 decrease with the worsening of the pollution, the mixing layer TF is controlled by the WS first and 308 then by the PM2.5 concentration, a maximum TF may occur at a critical moment. This moment is 309 neither the moment of the maximum WS nor the moment of the maximum PM2.5 concentration but 310 rather should be somewhere in between. This will be discussed in more detail in section 3.3. 
Vertical evolution of TF 315
After the aforementioned analyses, the transport period is known. To further explore the height of 316 transport, we studied the seasonal variation of the TF profile in combination with the vertical wind 317 and PM2.5 profiles. With the increasing altitude, the WS first increases sharply at approximately 200 318 m and then slowly increases, and the differences between different seasons gradually become 319 significant. The WS is always smallest in the summer and strongest in the winter. It is the same in 320 the spring and autumn at 1200 m. Above 1200 m, the WS in the autumn exceeds that in the spring. the PM2.5 concentration is relatively uniform. As the height increases, the PM2.5 concentration 325 decreases gradually. Between 200-600 m, the PM2.5 concentration begins to decrease rapidly, but 326 the rate of decline is obviously different in different seasons. In the autumn and winter, the reduction 327 rate of the PM2.5 concentration is significantly higher than that in the spring and summer. As a result, 328 the spring PM2.5 concentration at 400 m begins to be greater than that in the winter; the summer 329 PM2.5 concentration at 650 m begins to be greater than that in the autumn and is at the same level 330 as that in the winter. Over 600 m, there is no significant difference in the PM2.5 concentration 331 between different seasons, while the WS varies greatly. Therefore, the TF is greatly affected by the 332 WS at high altitudes, and it is greatly influenced by the PM2.5 concentration near the ground. The 333 TF in the mixing layer is also affected by the MLH.
334
The vertical evolution of the TF is different from both the evolution of the WS and PM2.5 335 concentration, and the seasonal variation remains consistent from the near-surface to the upper air.
336
The TF for the spring is the highest, followed by the winter and autumn, and that of the summer is 337 the lowest. The vertical variation in the TF increases first and then decreases, and a peak appears at 338 approximately 300 m, with a value of 0.38 mg m -2 s -1 in the spring, 0.19 mg m has different performances in different seasons. In the spring, the decline slows down at 341 approximately 1500 m. The changes in the summer and autumn are similar. After the peak, the TF 342 drops rapidly in the summer and autumn. The decrease rate above 500 m becomes slow, slows down 343 again after 1500 m, and finally the profiles become vertical. In the winter, the TF declines rapidly, 344
followed by fluctuations at approximately 1000 m. The above results preliminarily indicate that the 345 transport mainly occurs within 200-1500 m, which will be evaluated in Sec. 3.3. To sum up, in the 346 autumn and winter, the high concentration of PM2.5 is concentrated near the ground, while the TF is 347 not large, again indicating that local emissions are the main source of PM2.5 in the autumn and winter; 348 in the spring, affected by high-altitude transport, the PM2.5 concentration is high; and in the summer, 349 both the TF and PM2.5 concentration are at their lowest levels, indicating that regional transport may 350 play an important role in the PM2.5 concentration in the summer. 
360
An interesting phenomenon is that with the increase in altitude, the heavier the pollution near the 361 ground is, the greater the reduction rate of the PM2.5 concentration is (Fig. 7) . As a result, there is a 362 reversal at 1000-1500 m. In other words, the more severe the near-surface pollution, the lower the 363 high-altitude PM2.5 concentration. This is particularly outstanding in the spring: from a clear to a 364 heavy polluted day, the TF at 100 m was, in turn, 0.15 mg m -2 s , respectively. That is, the lower the pollution 367 degree, the more vertical the TF tends to be. This is related to the MLH, because a high MLH is 368 conducive to the diffusion of pollutants in the vertical direction. With the worsening of pollution, 369 the MLH shows a downward trend (Fig. S3) .
370
According to the previous analysis, two peaks may appear in the TF profile, indicating that the 371 transport occurs at two different heights, approximately 200 m (low-altitude transport) and 1000 m 372 (high-altitude transport), respectively. Due to the sudden increase in the WS at approximately 200 373 m, the low-altitude transport at 200 m is the basic transport height, regardless of the season and the 374 degree of pollution. In contrast, the high-altitude transport is quite special and mainly occurs in the 375 winter when there is significant pollution. A small peak of in the TF can also be found on heavy 376 polluted days in the summer. Although the change in the TF profile of medium pollution in the 377 autumn is not as obvious as that in the summer and winter, a small increase can still be seen (Fig.  378  7) . In the case of heavy pollution, the MLH is usually less than 1000 m, while in the case of clear 379 and slight pollution, the MLH is close to the height of high-altitude transport (Fig. S3) . Therefore, 380
it can be inferred that the pollutants transported at a high altitude during heavy pollution are stored 381 in the residual layer, and when the mixing layer becomes higher, the pollutants stored in the residual 382 layer diffuse into the mixing layer, affecting the pollution level within the mixing layer. This may 383 be a key contributor to the slight pollution in the summer, autumn and winter, but further research 384 is needed. According to the same division method, we further explored the seasonal variation of the TF and 391 transport source in the mixing layer under different pollution degrees. With pollution aggravation, 392 the mixing layer TF in Beijing increased by varying degrees during different seasons, and the 393 transport direction gradually shifted from northwest to south (except during the winter) (Fig. 8) . In 394 particular, the mixing layer TF in the spring is significantly higher than that in the other seasons at 395 all pollution degrees, which is 1.1-2.0 times that in the other seasons. This may be caused by the 396 greater amount of dust during the spring. With the pollution deterioration, the TF showed an 397 increasing trend in the initial stage of pollution and a decreasing trend during the heavy pollution 398 period. From medium pollution to heavy pollution, the TF decreased from 5. 
Conclusions 421
To understand the characteristics of the PM2.5 transport flux in Beijing, the height of the atmospheric 422 mixing layer and the wind profile within the mixing layer in Beijing were observed for a 2-year 423 period. The main conclusions are as follows: 424
(1) By analyzing the variations in the VC, it is found that the atmospheric dilution capability in 425
Beijing is strongest in the spring and weaker in the summer, autumn and winter. In the spring, the 426 vertical and horizontal dilution capacities are strong; in the autumn and winter, the vertical and 427 horizontal dilution capacities are weak; and in the summer, the vertical dilution capability is strong 428 and the horizontal dilution capability is weak. The diurnal variation in the VC is consistent with the 429 MLH, which shows that the dilution capability is the strongest before sunset, gradually weakens 430 after sunset and remains stable at night. In the spring, the vertical and horizontal dilutions are strong 431 during both day and night. In the winter, the vertical dilution is weak during the day, and the 432 horizontal dilution during the night is the main component. In the summer, the vertical dilution 433 during the day is dominant. Although there is little difference in the diffusivity between the summer, 434 autumn and winter, the poor dilution capability occurs more frequently in the autumn and winter.
435
(2) The TF is the largest in the spring and smaller in the summer, autumn and winter in Beijing. The 436 high TF mainly comes from southward transport, while the low TF is accompanied by northwest 437 transport. The transport mainly occurred between 14:00 and 18:00 LT, and the height of the transport 438
is at approximately 200 m and 1000 m. Using the PM2.5 concentration as a classification index for 439 the air pollution, the results show that the regional transport from the southern area plays an 440 important role in the initial period of pollution, and local emissions are the main controlling factors 441 in the heavy pollution period, especially in the winter.
442
To solve the problem of heavy pollution in northern China, joint prevention and control has been 443 suggested for a long time. Even so, there is still no concrete implementation plan. To break through 444 this embarrassing situation, this study quantifies TF to explain the time period when the transport 445 occurs and the main areas affected in Beijing. In this study, the atmospheric dilution capability 446 during different seasons and the TF during different pollution periods were also discussed. The 447 important role of transport in the initial period of pollution is emphasized, and local pollutant 448 emission control is found to be the most effective way of mitigating pollution levels. The research 449 results are of great significance to the early warning, prevention and control of atmospheric 450 particulate pollution. 451
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